Recent progress of steel manufacturing process necessitates to refine an extremely coarse austenitic microstructure evolved in a strand cast steel. Grain refinement of as cast austenite by dynamic recrystallization in HSLA steels was studied by using a hot working simulator. The specimens were prepared from a strand cast slab and the hot rolled steel plate of 0.09%C-1.14%Mn-2.26Ni-0.54Mo-0.045%V steel supplied from a steel plant, and also laboratory heat ingots of 0.14%C-1.45%Mn and 0.14%C-1.45%Mn-0.018%Ti steels. Variations of the true stress-true strain curve and dynamically recrystallized grain size with the deformation temperature, strain rate and the initial g grain size were investigated by hot compression test. It was confirmed that dynamically recrystallized grain size in as cast steels was determined simply by steady state flow stress or Zener-Hollomon parameter, but was not influenced by the initial grain size. Austenitic grain size variation with the reheating temperature in the as cast 0.09%C-2.26Ni-Mo-V steel was very small, and flow stress in the as cast Ti-bearing steel was markedly higher compared with those of the hot rolled plate of this steel or the C-Mn steel. These appeared to be caused by grain growth suppression due to the interdendritic phase enriched with carbon or alloying elements, and dispersion of the micro segregation region with high hardness, respectively. Finally, the direct hot deformation experiment after levitation melting and solidification was conducted, where the Ti-bearing steel was reheated at the temperature from 1 743 to1 773 K and hot deformed by tensile strain at 1 523 K. It was confirmed that very coarse g grain size in an order of mm was much refined down to 130 to170 mm by dynamic recrystallization.
Introduction
In general, relatively slow cooling after solidification in a strand casting results in very coarse and non-uniform austenitic (g) or transformed microstructures in various steels. However, it was not needed in the past to control the g or transformed microstructure in the stage of a strand casting, as the microstructural refinement in hot rolled steel products could be achieved satisfactorily in the hot rolling processes. On the other hand, the recent progress of steel manufacturing technology has given rise to necessity of refinement of austenitic grain size or the transformed microstructure in as-cast steels. 1) One case is for energy saving processes such as direct rolling or high temperature hot charge rolling of a strand cast steel slab, bloom or billet. In these processes, strand cast steels are hot rolled in the g region without following any route of g to a and subsequent a to g transformation between casting and hot rolling. Thus, the initial g grain size before hot rolling is the same as an extremely coarse g grain size evolved in solidification, and this tends to cause surface cracking of hot rolled steel products as well as difficulty with the microstructural control in hot rolled products. [2] [3] [4] This surface cracking which takes place along g grain boundaries appears to take place due to a combination of very coarse g grain size and tensile stress working on the surface layer of the rolled steel plate for a relatively small ratio of contact arc length between the roll and the rolled plate to plate thickness. That is, an extremely coarse g microstructure as well as segregation formed in the as-cast steel is responsible for surface cracking in these energy saving processes.
The second case is for manufacturing the heavy steel plate with a much reduced rolling reduction ratio to a slab thickness. Current revision of standards for application of a strand cast slab to structural steel plates such as ASTM A20 enabled one to manufacture the heavy steel plates with a minimum rolling reduction ratio to a slab thickness decreased down from 3.0 to 2.0.
5) The applicable range of a strand cast slab for manufacturing of the heavy steel plate could be enlarged by this revision. However, it is not easy to refine the microstructure in the as-rolled heavy steel plate under such a very low rolling reduction ratio even by application of ingenious TMCP technology. On achievement of refinement of the transformed microstructure through the control of the g microstructure evolved in a strand cast steel, refinement and uniformity of the microstructure in the as-rolled heavy steel plate may be much improved under a reduced rolling ratio to a slab thickness. The last case of necessity of the microstructural refinement in cast steels is for manufacturing the stainless steel or low carbon steel sheets by a thin slab or strip casting process. 6, 7) Hot rolling practice immediately after a strip casting seems to be favorable and important for the microstructural control and improvement of hot or cold workability as well as elimination of macro-or micro-segregation evolved by this new process. 7) The present study aims to refine the very coarse g microstructure evolved in a strand casting of HSLA steels by use of dynamic recrystallization. The experimental study of dynamic recrystallization of austenite was conducted under supposition to install such a rolling mill into a strand casting machine as to enable hot rolling practice with a light rolling reduction immediately after complete solidification. The dynamic restoration process of the most FCC metals and alloys except aluminum is dynamic recrystallization, and numerous studies of dynamic recrystallization of austenite in various steels had been performed. [8] [9] [10] [11] [12] [13] [14] The major difference of dynamic recrystallization from static one exists in the controlling factors of recrystallized grain size obtained in both restoration processes. That is, dynamically recrystallized grain size is controlled simply by Zener-Hollomon parameter, Z value 15) determined by the deformation temperature and strain rate, but independent on the initial grain size and the amount of strain over the onset strain of dynamic recrystallization. 12) On the other hand, it is well known that all of these factors markedly influence statically recrystallized grain size. As for the hot deformation conditions for occurrence of dynamic recrystallization, the higher deformation temperature and lower strain rate tend to decrease the onset strain of dynamic recrystallization. Strain rate corresponding to rolling speed matching with extracting speed of a slab in the strand casting process is an order of around 1ϫ10 Ϫ2 to 1ϫ10 Ϫ3 s
Ϫ1
. Because of these characteristic features of dynamic recrystallization, it is very beneficial to use it for refinement of an extremely coarse g microstructure evolved in a strand cast steel.
In the present study, hot compression testing was performed to make clear the hot deformation conditions for occurrence of dynamic g recrystallization and also dynamically recrystallized g grain size obtained in as cast HSLA steels. Three steels with 0.09C-1.14Mn-2.26Ni-0.17Cu-0.55Cr-0.54Mo-0.045V (noted as 0.09C-2.26Ni steel hereafter), 0.14C-1.45Mn and 0.14C-1.45Mn-0.018Ti in all mass% were used in this study. Most of the experiments with the use of the hot working simulator were conducted by the thermo-mechanical cycle of reheating and hot compression using the specimens prepared from as-cast steels. The true stress-true strain (S-S) curves and dynamically recrystallized g grain size were obtained under various combinations of the deformation temperature and strain rate or the initial g grain size. Finally, the experiment of direct hot deformation of austenite formed during cooling after melting and solidification was performed by using the same hot working simulator. The center part of the longitudinal direction of the tensile specimen was partially melted with levitation, and was deformed by a given amount of tensile strain at the fixed temperature after solidification. This experiment was performed to confirm that an extremely coarse g microstructure evolved during cooling after complete solidification could be much refined by dynamic recrystallization.
Experimental Procedures
The chemical compositions of HSLA steels used in this study are listed in Table 1 . The strand-cast slab with a 250 mm thickness and the hot rolled plate with a 75 mm thickness of 0.09C-2Ni steels were supplied from a steel plant. The 0.14C-1.45Mn and 0.018Ti-bearing steels were melted by a 50 kg induction heating furnace. These ingots were halved, and one half of ingots were hot rolled to a 12 mm thickness. The cylindrical specimens with a 8 mm diameter and a 12 mm height for hot compression test were machined from the slab, the plate and ingots of these steels. The specimens of the 0.14C-1.45Mn and 0.018Ti-bearing steels were taken from both the longitudinal and transverse directions of ingots in order to investigate anisotropic behavior of S-S curves in as cast steels.
Hot compression testing was performed by the hot working equipment with a maximum load capacity of 5 000 kg. In this equipment developed originally by one of the authors, both compression and tensile tests are possible, and the specimen is heated by an induction heating coil under a vacuum. 12) All of the thermo-mechanical cycles are previously programmed. This hot working simulator enables one to observe dynamically restored microstructure due to insite He gas quenching system. That is, this system enables the deformed specimen to be quenched after a post-deformation time delay of less than 0.01 s, fully suppressing the progress of static restoration after hot deformation. Two kinds of thermo-mechanical cycles in hot compression tests were used in this study. In the first one, hot compression tests were performed in various combinations of the deformation temperature and strain rate under a fixed reheating temperature. The specimens were heated to 1 523 K at heating rate of 20 K/s and were held for 300 s at 1 523 K, followed by cooling to the hot compression testing temperatures ranging from 1 323 to 1 523 K. After holding for 120 s at a respective temperature, the specimens were hot-compressed from 12 to 6 mm in height at strain rate ranging from 1ϫ10 s Ϫ1 to 1ϫ10 Ϫ3 or 2ϫ10 Ϫ3 s
Ϫ1
, then followed by He gas quenching. In the second one, the effect of initial g grain size on S-S curves and dynamically recrystallized g Table 1 . Chemical compositions of steels used in this study. grain size was investigated by changing the reheating temperature in the range from 1 323 to 1523 K. The hot compression test was performed at the fixed temperature of 1 323 K, other conditions being the same as the first one.
The experiment of the direct hot deformation of austenite in the cooling stage after partially melting and complete solidification of the specimens was conducted by using the specially designed induction heating coil shown in Fig.  1(a) . The hot tensile specimen with a diameter 8 mm and a length of 100 mm was used, and the center zone of an about 6 mm length in the longitudinal direction of the specimen was partially melted by induction heating. The melted zone was levitated with maintaining an original or slight barreled shape of the specimen by both forces due to the electricmagnetic field and the surface tension of the molten metal. Because of a large temperature distribution through the loading direction with the highest temperature in the center location of the specimen, two sets of thermocouples were used. The temperature of the center in the melted zone was monitored by the thermocouple attached in the center location of the specimen, which came off once the temperature reached above the solidus temperature. Thus, the temperature control was performed by the thermocouple attached in location of 7 mm below the center of the specimen. The temperature difference between two locations of thermocouples during heating and cooling was measured in advance. This difference was around 150 K at the temperature above 1 300 K, and the temperature in the center location of the specimen, after the thermocouple came off, was estimated from the temperature for control based on this temperature difference.
The experiment of direct hot deformation of austenite was performed by using the specimens prepared from the hot rolled Ti-bearing steel plate. The thermo-mechanical cycle used in this study are schematically drawn in Fig.  1(b) . The specimen was heated under argon gas atmosphere up to the temperature region from 1 593 to 1 623 K in the temperature for control, which corresponded to 1 743 to 1 773 K in the center location of the specimen, respectively. The heating rate above 1 573 K was 0.4 K/s. After keeping 40 s at these heating temperatures, the specimen was cooled down to the temperature of 1 373 K (1 523 K in the center of the specimen) at cooling rate of 0.4 K/s. After holding for 10 s at this temperature, tensile straining with a given total amount of displacement of 6 or 3 mm in a time period of 70 or 35 s, respectively, was performed. It was controlled so that no load was imposed to the specimen during heating and cooling except a straining period. Because of a large temperature distribution from the center to the upper or lower longitudinal directions, the deformed specimen showed a necked shape with the minimum diameter at the center. Thus, measurements and analysis of strain, strain rate or microstructural observations were performed mainly in the center of the deformed specimen.
The hot compressed and tensile strained specimens were halved by cutting parallel to the loading direction, and the microstructural observation was performed in the center part of the specimen. The prior g grain boundaries in the martensitic or lower banitic microstructure were revealed by etching in an aqueous solution of picric acid, and average g grain size was measured.
Results

Hot Deformation Behavior
The S-S curves in 0.09C-2.22Ni steels were investigated for various combinations of the deformation temperature and strain rate. Figures 2(a) and 2(b) show examples of the S-S curves in the specimens prepared from the strand-cast slab and the hot rolled plate of 0.09C-2.26Ni steel, respectively. The S-S curves obtained in both specimens are very similar in the same hot deformation conditions. While the hot deformation at strain rate of 1ϫ10 s Ϫ1 yielded the S-S curve with continuous work hardening, the hot deformation at strain rate below 1ϫ10 Ϫ2 s Ϫ1 resulted in the S-S curve with peak stress (s p ) followed by the steady state flow stress (s s ), indicating occurrence of dynamic recrystallization. The onset strain of steady state flow (e s ) corresponds to attainment of fully dynamic recrystallization, and this strain was reduced with the decrease of strain rate and the increase of the deformation temperature. The effect of initial g grain size on the S-S curves in various hot deformation conditions was investigated by using both as-cast and hot rolled 0.09C-2.26Ni steels. The initial g grain size was found to exert a very small effect on the S-S curves in any hot deformation condition except in the region of small strain or around peak strain (e p ) region.
Figures 3(a) and 3(b)
show the S-S curves investigated in the hot deformation condition at strain rate of below 2ϫ10 Ϫ1 s Ϫ1 in as cast C-Mn and Ti-bearing steels, respectively. Both steels showed dynamic recrystallization type of the S-S curve in any deformation condition shown here. The addition of 0.018 % Ti into the 0.14%C-1.45%Mn steel yielded very large increase of flow stress accompanying with a very small variation of e p or e s value. These results in the Ti-bearing steel were not reported in the past studies. Therefore, the S-S curves of hot rolled plates of both steels as well as anisotropic behavior of the S-S curve in as cast steels were investigated, of which results are shown in Figs. 4(a) and 4(b). In these figures, strain rate was varied widely at the hot deformation temperature of 1 423 K. The S-S curves of the specimens taken from both the longitudinal and transverse directions of ingots, and hot rolled plates are shown. No significant variation in the S-S curves or flow stress was observed between the specimens taken from the as cast ingot and the hot rolled plate in the C-Mn steel. It was also confirmed that there was no anisotropic behavior of flow stress and the S-S curve in both as cast steels. However, flow stress of the as cast Tibearing steel was always substantially larger than that of the hot rolled plate at any hot deformation temperature at strain rate below 2ϫ10 Ϫ1 s
Ϫ1
, while little difference between ascast steel and the hot rolled plate in this steel was observed on the peak strain and onset strain of steady state flow stress. However, flow stress difference between as cast and hot rolled Ti-bearing steels was very little at the highest strain rate of 1ϫ10 s
. It is also found from comparison of the S-S curves of both steels that flow stress of the as cast Ti-bearing steel was much higher than that of the C-Mn steel, while difference of flow stress between both hot rolled steel plates was small except the result of the highest strain rate of 1ϫ10 s Ϫ1 . Flow stress of the Ti-bearing steel at the highest strain rate of 1ϫ10 Ϫ1 s Ϫ1 increased more rapidly than the C-Mn steel in an early stage of straining, but flow stress at a strain over 0.50 approached to be almost the same level of that of the C-Mn steel.
The changes of values of s s and e s with the temperature and strain rate in 0.09C-2.26Ni and 0.14C-1.45Mn steels are summarized in Figs. 5(a) and 5(b), respectively. From these figures, it is possible to obtain the values of strain and flow stress needed for onset of dynamic recrystallization in a respective hot deformation condition. At the temperature above 1 423 K and strain rate below 2ϫ10 Ϫ2 s Ϫ1 , s s value is below 30 MPa in both steels, and a value of e s is mostly below 0.40. That is, dynamic recrystallization can be caused by a small strain under low flow stress in these hot deformation conditions.
Variation of the values of steady state flow stress with the temperature and strain rate for occurrence of dynamic recrystallization was analyzed by the equations of relationship among flow stress, strain rate and the temperature, and the Zener-Hollomon parameter, Z value, 14, 15) which are shown in the following equations, respectively. The activation energy for dynamic restoration process, Q in three steels was obtained based on Eq. (1), and m values of stress exponent were obtained from relationship between Z value and flow stress as shown in Figs. 6(a) and 6(b) for the 0.09C-2.26Ni steel, and as cast C-Mn and Ti-bearing steels, respectively. Z values were calculated from Eq. (2) by using Q value in a respective steel. Q and m values in each steel were summarized in Table 2 . It is found that all three steels resulted in an exact linear relationship between ln Z and ln s s . As seen in Fig. 6(a) , m values in as-cast and hot rolled 0.09C-2.26Ni steels were almost same, but flow stress of the as-cast steel was a little lower than that of the hot rolled steel in a given Z value. In general, strength of as cast steels at an ambient temperature is slightly lower than that wrought steels, and this difference of strength between as cast and wrought steels appeared to be reflected on their flow stress difference at the high temperature. Although flow stress of the Ti-bearing steel was larger that of the C-Mn steel in a given Z value, flow stress difference became smaller with the increase of Z value or strain rate as shown in Fig. 6(b) .
Dynamically Recrystallized Grain Size
Austenitic grain size variations with the reheating temperature for both of the hot rolled plate and the as cast steel in three steels are shown in Figs. 7(a) and 7(b) . The heating time period at the reheating temperature was 300 s. While g grain size in the specimens prepared from the as rolled plate of the 0.09C-2.26Ni steel increased abruptly at the temperature above 1 423 K, a variation of g grain size in the specimens prepared from the as-cast steel was very small. It is found from grain size variations of Ti-bearing steels shown in Fig. 7 (b) that this steel resulted in a very small variation of g grain size with the reheating temperature and that the as cast steel always yielded a smaller g grain size compared with the hot rolled plate at any reheating temperature. It has been well confirmed that TiN precipitates prevent g grain growth in Ti bearing steels. 16) A relatively smaller g grain size variation with the reheating temperature was observed in an as cast C-Mn steel compared with the hot rolled steel similarly to the result of the 0.09C-2.26Ni steel.
The examples of the dynamically recrystallized g microstructures in the specimens prepared from the as cast 0.09C-2.26Ni steel are shown in Fig. 8 . The reheating temperature in these hot deformation conditions was all the same, yielding the initial g grain size of around 120 mm. The increase of Z value due to higher strain rate or the reduced deformation temperature increased steady state flow stress, and this yielded a smaller g grain size. This relation is more evidently shown in Figs. 9(a) and 9(b), showing the change of dynamically recrystallized grain size with steady state flow stress in the 0.09C-2.26Ni steel, and C-Mn and Ti-bearing steels, respectively. The results of different initial grain size are included for the 0.09C-2.26Ni steel, and for the latter two steels, the results of hot deformation conditions with a given reheating temperature of 1 523 K are shown. As similarly in relationship between steady state flow stress and subgrain size in dynamic recovery type of metals, 13) 
.(3)
N values obtained from these figures were 0.55 for the 0.09C-2.26Ni steel, and 0.71 for C-Mn and Ti-bearing steels. It is evident from the results of the 0.09C-2.26Ni steel that dynamically recrystallized grain size was not affected by a wide variation of the initial g grain size, but simply determined by flow stress or Z value. There was no difference in relation of s s and d D between results of the as cast steel and hot rolled plates, and dynamically recrystallized g grain size obtained by various hot deformation conditions was in the range of 60 to120 mm. The recrystallized g grain size of the as cast Ti-bearing steel was smaller than that of the C-Mn steel in a respective flow stress level, although N value in Eq. (3) of both steels was same. However, all the values of g grain size obtained from hot rolled plates in both steels were plotted inside the s s -d D band of the as-cast C-Mn steel similarly to the case of the 0.09C-2.26Ni steel. That is, relatively smaller g grain size in relation of flow stress and g grain size in the Ti-bearing steel was observed only for the as-cast steel.
Direct Hot Deformation of Austenite after Melting and Solidification
The experiment of direct hot tensile straining after levitation melting and solidification was conducted to confirm that marked g refinement due to dynamic recrystallization could occur in an extremely coarse g microstructure formed during slow cooling after complete solidification. The material used was the C-Mn-0.018%Ti steel. The specimens quenched just before and after straining in the thermo-mechanical cycle shown in Fig. 1(b) were halved by cutting parallel to the loading direction at the center of the cylindrical shape specimens, and the g microstructures of these specimens observed by low magnification are shown in Figs. 10(a) and 10(b) , respectively. The maximum heating temperature and the tensile straining temperature in the center of the longitudinal direction of the specimens were 1 763 and 1 523 K, respectively, and the amount of displacement of 6 mm was given in a time period of 70 s. The microstructure quenched from the temperature of 1 523 K without tensile straining shown in Fig. 10(a) revealed an extremely coarse g microstructure with g grain size of around 2 to 5 mm was formed after levitation melting and solidification, and this region was extended by 4 to 5 mm from the center to the upper and lower parts in the longitudinal direction of the specimen. As seen in Fig. 10(b) , the hot deformed and immediately quenched specimen resulted in the largest strain in the center of the specimen with a continuous variation of stain in the necked area of the specimen, and this strain variation was terminated in the upper or lower location by about 7.5 mm away from the center location in the longitudinal direction of the specimen. The dark spot indicated by circle in this micrograph is a void, which seemed to be formed during solidification. Figures 11(a) , 11(b) and 11(c) show the g microstructure observed in the center of the longitudinal direction or the most necked area in the specimens quenched after straining at 1 523 K with the maximum heating temperatures of 1 743, 1 753 and 1 763 K, respectively. These temperatures were above the solidus temperature, but the volume fraction of the liquid phase seemed to be low, probably less than 30 %. The amount of displacement and a time period of straining was 6 mm and 70 s, respectively. It is quite evident that an extremely coarse g microstructure was much refined down to grain size ranged from 126 to 138 mm. Because the hot tensile straining conditions are all the same in these three cases, it is inevitable that dynamically recrystallized grain size is almost the same without depending on the maximum heating temperatures. Figure 11(d) shows the g microstructure obtained by the thermo-mechanical cycle with the maximum heating temperature of 1 773 K and tensile straining of 3 mm displacement in a time period of 35 s at 1 523 K. This deformation condition yielded smaller strain and lower strain rate compared with the former case. In this condition, the melted zone became a slightly barrel shape during heating at 1 773 K, and many small voids which appeared to be formed during solidification were observed in the quenched specimen. These observations appear to indicate that the volume fraction of the liquid phase became over 0.3 to 0.4 in the center zone at this heating temperature, because it was reported that fluidity of the solid-liquid mixed phases increased markedly when the liquid phase fraction increased over these values.
17) The tensile straining after heating to this temperature caused the maximum strain at the bottom side of barrel shape away by about 2 mm from the center of specimen, where the g grain size was about 170 mm as shown in Fig. 11(d) .
Discussion
The most past studies of dynamic restoration processes in various metals and alloys were conducted using wrought metals and alloys. On the other hand, the present study was performed by using the specimens prepared from as cast steels, and yielded a couple of differences in microstructural evolution of austenite and hot deformation behavior from the results of the past studies. One of new observations was a very small g grain size variation with the reheating temperature in the as cast 0.09C-2.26Ni steel shown in Fig.  7(a) . As the specimens prepared from the hot rolled steel plate yielded normal grain growth behavior with the reheating temperature, this result seems to be brought about by micro segregation of alloying elements in the as cast steel. That is, this alloy contains relatively high nickel or other elements and these are enriched into the interdendritic regions in the as cast steel. Because no or a very little homogenization occurs in a short heating time period at the reheating temperature adopted in the present study, these segregation regions appear to become barrier to grain growth. In fact, g grain size is the almost same value as a secondary or third dendrite arm spacing as shown in Fig. 12 , where the microstructure of the interdendritic region with Ni enrichment are shown together with a Ni concentration profile examined by X-ray micro analyzer. As seen in these Figures, the interdendritic regions with Ni enrichment have a certain width, and grain boundary movement may be retarded when passing through these layers. Similar grain growth suppression due to the layer with enrichment of alloying elements was reported for aϩb titanium alloys by O. M. Ivasishin et al., 18) although it was not segregation but equilibrium partitioning of alloying elements. The alloying elements segregated in the interdendritic regions could be fully homogenized during progress of dynamic recrystal- lization as seen from comparison of Figs. 8 and 12 . This is no wonder because progress of dynamic restoration process accompanies with active movement of atoms due to diffusion in cooperating with multiplication and annihilation of dislocations. The as cast C-Mn steel showed similar g grain growth retardation in comparison with the hot rolled plate, although its degree of retardation was not so large as that of the 0.09C-2.26Ni steel. This indicates carbon and manganese segregation in the interdendritic region to exert somewhat influence on g grain growth at the higher reheating temperatures. For the as cast Ti-bearing steel, TiN precipitates in the micro segregation layer appear to result in a smaller g grain size than that of the hot rolled steel plate at all the reheating temperatures. The other new observation was that peak stress and steady state flow stress of the as cast Ti-bearing steel in the hot deformation conditions with strain rate below 2ϫ 10 Ϫ1 s Ϫ1 were much higher compared with the C-Mn steel or the hot rolled plate of this steel. Difference of the peak strain and the onset strain of steady state flow stress between two steels or between as-cast and hot rolled Ti-bearing steels was relatively small. This indicates an extraordinarily large increase of flow stress in the as cast Ti-bearing steel occurs without marked retardation of dynamic recrystallization progress. This is evidently different from dynamic recrystallization behavior observed in hot deformation of austenite in Nb-bearing HSLA steels, where the increase of Nb content increased flow stress accompanying retardation of dynamic recrystallization progress. 12, 19, 20) The overall experimental results shown in Figs. 3 and 4 indicate this behavior of the S-S curve in this steel may have taken place based on the microstructural feature in the as cast ingot. Figures 13(a) and 13(b) show the microstructures of as cast ingots in C-Mn and Ti-bearing steels. The dark area in these microstructures was the interdendritic regions with micro segregation, and an arm spacing in the Ti-bearing steel is finer than that of the C-Mn steel. Average hardness of this region in C-Mn and Ti-bearing steels measured by micro Vickers hardness tester with a load of 100 g was 194 and 243, respectively. Much high hardness in the Ti-bearing steel seems to be caused by high concentration of TiN precipitates in the micro segregation region. The region with high hardness in the Ti-bearing steel seems to disturb movement and annihilation of dislocations during hot deformation, resulting in the increased flow stress. Nucleation of g dynamic recrystallization took place by grain boundary bulging, and it proceeds inside of grain. 12) That is, nucleation and progress of dynamic recrystallization takes place mostly along grain boundaries without subjecting any influence from dispersion of high hardness area. Because of these features of dynamic recrystallization, it appears that peak and onset strains of dynamic recrystallization in as the cast Ti-bearing steel are a little different from these of the C-Mn steel, nevertheless markedly increased flow stress was observed in this steel. In the hot rolled plate of this steel, micro segregation becomes much reduced and only TiN precipitates are dispersed in austenite, where the high flow stress appears to be much reduced. In the hot deformation at the highest strain rate of 1ϫ10 Ϫ1 s
Ϫ1
, flow stress of the as cast Ti-bearing steel increased more rapidly than the C-Mn steel in an early stage of straining, but difference of flow stress between both steels tended to be small with higher strain. The former result appears to be caused by g grain refinement effect as already investigated by one of the present authors, 12) and the later indicates that the effect of high hardness region on flow stress became much smaller in hot deformation at very high strain rate and higher strain. The cause for very small flow stress difference between as cast and hot rolled Ti-bearing steels at strain rate of 1ϫ 10 s Ϫ1 may be same reason. In general, the increase of dislocation density with straining tends to overcome annihilation of dislocations in hot deformation at very high strain rate, and so dispersion effect of the high hardness region on flow stress appears to become smaller. It may be also probable that the high hardness region tends to be elongated and inclined to the direction parallel to straining direction with the increase of strain, which may cause a reduction of flow stress.
Except these observations noted above, behavior of the S-S curves or dynamic recrystallization in three steels was confirmed to be mostly similar to results of various carbon steels and HSLA steels reported in the past. In particular, regarding on refinement of g microstructure in the cast steel, it is important to have confirmed that dynamically recrystallized g grain size did not depend on the initial grain size and that the onset strain of dynamic recrystallization was 0.15 to 0.40 under the hot deformation conditions of strain rate below 2ϫ10 Ϫ2 s Ϫ1 at the temperature of above 1 423 K as shown in Fig. 5 . The very low peak or steady state flow stress in these ranges of hot deformation conditions is also advantageous when installation of hot rolling mill into a strand casting machine is considered. The relationship between steady state flow stress and dynamically recrystallized grain size in three steels showed a fairly wide band, while the relationship between flow stress and Z value was an exact linear one. This appears to be due to uncertainty involved in g grain size measurement arisen from a relatively low number of measured g grains of around 20 as well as variations of metallurgical factors such as the nonuniformity of the microstructure in as cast steels. The values of activation energy and m shown in Table 2 also showed somewhat different among three steels. In general, the activation energy of dynamic restoration process is very consistent with that of self diffusion of base metals. These values obtained in three steels were in the range of 360 to 405 kJ/mol. These values are relatively higher than the activation energy of self diffusion of iron in austenite, but very similar to values of HSLA steels and the austenitic stainless steel obtained by using the specimens prepared hot rolled plates. 12, 21) On the other hand, m value of the as cast Tibearing steel was high compared with values of two other steels. This seems to be peculiar to the as cast Ti-bearing steel as described above.
The marked refinement of g grain size due to dynamic recrystallization was confirmed by the experiment of direct hot deformation in austenite after levitation melting and solidification. In this experiment, the maximum heating temperature noted involved somewhat a lack of high accuracy, because it was estimated from the temperature of control. The exact solidus and liquidus temperatures of this steel were not measured, but these temperatures were estimated to be around 1 750 and 1 793 K, respectively from literature. 22) Thus the maximum heating temperature range from 1 743 to 1773 K investigated here covers from just below solidus temperature to the liquidϩd phase region. As shown in Fig.10(a) , an extremely coarse g microstructure with grain size around 2 to 5 mm was formed by heating at 1 763 K and subsequent cooling at cooling rate of 0.4 K/s. This cooling rate is approximately an average cooling rate in the g region after solidification in a strand slab casting with a 250 mm thickness. At the maximum heating temperature ranged from 1 743 to 1 763 K, the most necked or strained point was always at the center of specimen. The minimum diameter in the necked area after straining shown Fig. 10(b) was always around 5.1 mm in three cases of the maximum heating temperature, and from this value and a time period of straining of 70 s, true strain and average strain rate at the center of the strained specimen were estimated as 0.90 and 1.2ϫ10 Ϫ2 s
, respectively. These hot deformation conditions in the Ti-bearing steel fully satisfy those for occurrence of dynamic recrystallization. The strain and strain rate in the necked area in the hot deformed specimen are continuously reduced, as the location is far away from the center of the specimen with the minimum diameter. Therefore, an exact analysis in these area is not possible, but grain size variation in the center area of around 2 mm in the hot deformed specimens was a little, yielding g grain size around 130 to 150 mm. Currently S. Yue et al. conducted hot ductility study of the Nb-Ti steel by using similar experimental procedures to the present case, where it was reported that g grain size obtained after melting and solidification was around 120 mm, although it was not referred about it's coincidence to actually observed g grain size in the solidified steel billet. 23) G. E Ruddle et al. studied direct rolling of thin slabs of the Ti-Nb steel by Gleeble simulation of continuous casting, and reported that g grain size after solidification was varied from 525 to 148 mm as the cooling rate increased from 0.5 to 15 K/s. 6) Comparing with these results, g grain size obtained by the present melting and solidification experiment was much larger and corresponded more closely to g grain size actually observed in the solidified strand cast slab with thickness over 200 mm.
On the other hand, the shape change of melted zone in the specimen and numerous voids formation in the quenched specimen were observed at the heating temperature of 1 773 K, indicating that the liquid phase fraction became over 30 to 40 % at this temperature as already described. The tensile straining after heating at 1 773 K caused the most necked point at the bottom of barrel shape away by about 2 mm below from the center of specimen, where the minimum diameter was 6.9 mm. Thus, true strain and average strain rate there were calculated as 0.30 and 8ϫ 10 Ϫ3 s
, respectively from a time period of straining of 30 s. The deformation temperature of the most necked point may be lower than 1 523 K due to the temperature variation through the longitudinal direction of the specimen. However, dynamic recrystallization took place even in such a small strain due to reduced average strain rate in comparison with three cases described above. Consequently, it was confirmed that an extremely coarse g grain size with an order of mm could be refined to around 170 mm by hot deformation with a small strain of 0.30. Such a large grain refinement effect can not be achieved by static recrystallization through hot working at high strain rate. Consequently, it can be noted that use of dynamic recrystallization is the most advantageous for refinement of the microstructure with very coarse initial grain size such as the cast microstructure, and a single or a couple pass rolling with a light rolling reduction immediately after solidification in a strand cast machine can refine the austenitic grain size down to 40 to 150 mm in HSLA steels.
Conclusions
Grain refinement of as cast austenite by dynamic recrystallization in HSLA steels was studied by using the hot working simulator, and the following results were obtained.
(1) It was confirmed that dynamically recrystallized g grain size was determined simply by steady state flow stress or Zener-Hollomon parameter, but was not influenced by the initial g grain size in as cast HSLA steels.
(2) The onset strain of dynamic recrystallization was relatively small in the range of 0.15 to 0.40 in the hot deformation conditions of strain rate below 2ϫ10 Ϫ2 s Ϫ1 and the temperature above 1 423 K, and dynamically recrystallized g grain size ranging from 40 to150 mm was obtained.
(3) The change of g grain size with the reheating temperature was very small in the as cast 0.09C-2.26Ni steel, while normal grain growth behavior was observed in the hot rolled steel plate. This was due to grain growth suppression by the interdendritic regions enriched with carbon and alloying elements such as Ni and Mn.
(4) The as cast 0.14%C-1.45%Mn-0.018%Ti steel showed much higher flow stress than that of the hot rolled steel plate and the C-Mn steel, and this appeared to be due to dispersion of the micro segregation region with high hardness in austenite of this steel.
(5) It was confirmed by the direct hot deformation experiment after levitation melting and solidification that very coarse g grain size in an order of mm was much refined down to 130 to 170 mm by dynamic recrystallization, which occurred in the hot deformation condition with such a small strain of 0.30 and strain rate of 8ϫ10 Ϫ3 s
Ϫ1
.
